Enteropathogenic Escherichia coli (EPEC) is a foodborne pathogen that uses a type III secretion system to translocate effector molecules into host intestinal epithelial cells (IECs) subverting several host cell processes and signaling cascades. Interestingly, EPEC infection induces only modest intestinal inflammation in the host. The homologous EPEC effector proteins, NleH1 and NleH2, suppress the nuclear factor-κB (NF-κB) pathway and apoptosis in vitro. Increased apoptosis and activation of NF-κB and MAP kinases (MAPK) contribute to the pathogenesis of inflammatory bowel diseases (IBD). The aim of this study was to determine if NleH1 and NleH2 also block MAPK pathways in vitro and in vivo, and to compare the effects of these bacterial proteins on a murine model of colitis. Cultured IECs were infected with various strains of EPEC expressing NleH1 and NleH2, or not, and the activation of ERK1/2 and p38 was determined. In addition, the impact of infection with various strains of EPEC on murine DSS colitis was assessed by change in body weight, colon length, histology, and survival. Activation of apoptosis and MAPK signaling were also evaluated. Our data show that NleH1, but not NleH2, suppresses ERK1/2 and p38 activation in vitro. Interestingly, NleH1 affords significantly greater protection against and hastens recovery from dextran sodium sulfate (DSS)-induced colitis compared to NleH2. Strikingly, colitisassociated mortality was abolished by infection with EPEC strains expressing NleH1. Interestingly, in vivo NleH1 suppresses activation of ERK1/2 and p38 and blocks apoptosis independent of the kinase domain that inhibits NF-κB. In contrast, NleH2 suppresses only caspase-3 and p38, but not ERK1/2. We conclude that NleH1 affords greater protection against and improves recovery from DSS colitis compared to NleH2 due to its ability to suppress ERK1/2 in addition to NF-κB, p38, and apoptosis. These findings warrant further investigation of anti-inflammatory bacterial proteins as novel treatments for IBD.
Introduction
Enteropathogenic Escherichia coli (EPEC) is a foodborne pathogen causing diarrhea especially in children of developing countries. The virulence of EPEC depends on the translocation of effector proteins into host intestinal epithelial cells via a type III secretion system (T3SS) [1] . EPEC infection induces an inflammatory response through host recognition of conserved pathogen-associated molecular patterns (PAMPs), including flagellin, LPS, and CpG DNA, which trigger innate receptors including Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain protein (NOD)-like receptors [2] . These interactions elicit an inflammatory response in host cells in part by activating the mitogen activation protein kinase (MAPK) and nuclear factor-κB (NF-κB) signaling pathways. MAPK signaling cascades consist of three sequentially activated protein kinases ending at the MAPK groups, ERK, p38, and JNK, which convert extracellular signals into a wide range of cellular processes, including cell proliferation and differentiation, inflammation, and cell death [3] . MAPKs mediate the activation of many different transcription factors, including but not limited to NF-κB, STAT1/3, c-Myc, and SMAD3/4, which regulate pro-inflammatory gene expression of cytokines (interleukin (IL)-1α, IL-1β, tumor necrosis factor (TNF), IL-6, etc.) and chemokines (IL-8 and CCL2, etc.) [4] .
The complexity of the crosstalk between the MAPK and NF-κB makes it difficult to determine the specific roles for each pathway in causing disease. However, it has been demonstrated that constitutive activation of NF-κB does not cause destructive intestinal inflammation unless accompanied by MAPK activation [5] . Crohn's disease and ulcerative colitis are inflammatory bowel diseases (IBD), of which the etiology and predisposition have been linked to polymorphisms in both NOD2 and TLR4 receptors [6, 7] . These alterations upregulate and activate both the MAPK and NF-κB pathways causing intestinal inflammation and dysbiosis of the intestinal microbiota [7] . Dextran sodium sulfate (DSS) administered to mice is used as a model for IBD as it induces colitis. Although the exact mechanisms by which DSS causes inflammation are unclear, it activates both MAPK [8] [9] [10] [11] [12] and NF-κB [13] pathways leading to pro-inflammatory cytokine and chemokine production [14, 15] .
Interestingly, EPEC infection induces minimal intestinal inflammation, especially compared to other enteric pathogens such as Shigella, Yersenia, and Salmonella [16, 17] . Part of this suppression is due to the arsenal of EPEC antiinflammatory effector proteins including but not limited to the non-LEE-encoded NleB, NleC, NleD, NleE, and the homologs NleH1 and NleH2 (NleH1/H2) [18] . Most studies regarding NleH1/H2 have utilized in vitro models. NleH1 and NleH2 suppress inflammation in part by inhibiting apoptosis [19] and suppressing NF-κB when IκκΒ is overexpressed [20] . NleH1 and NleH2 contain kinase domains on which NF-κB suppression, but not anti-apoptotic activity, is dependent [19, 21, 22] . Limited in vivo studies of NleH1/H2 have focused on the colonization advantage afforded by NleH1/H2 during EPEC infection of mice [20] . In addition, serum KC (the mouse equivalent of human IL-8) levels are higher in mice infected with EPEC lacking nleH1/H2 than those infected with wild-type EPEC [20] , indicating that NleH1/H2 dampen pro-inflammatory cytokine expression and host inflammation.
NleH1/H2 are homologous to OspG, the Shigella flexneri effector kinase protein known to downregulate NF-κB activity by interacting with a host ubiquitin-conjugating enzyme [23] [24] [25] . Similar to the activity of OspG, Salmonella AvrA and Yersinia YopJ, two proteins secreted by T3SSs, inhibit NF-κB activity via deubiquitination [26, 27] . In addition, AvrA and YopJ also suppress MAPK pathways through their acetyl transferase activity [17, 28] . The C-terminal kinase domains of NleH1 and NleH2 are involved in suppressing NF-κB through deubiquitination and other mechanisms [20] [21] [22] . However, little is known about the activity of the N-terminal domains of NleH1 and NleH2. Similar to AvrA and YopJ, there may be other NleH1 and NleH2 domains or activities involved in suppression of inflammation after infection. Therefore, we hypothesized that EPEC NleH1 and NleH2 also block MAPK pathways, thus increasing their antiinflammatory activities. This study compares the impact of these translocated EPEC homologs on host inflammation triggered by infectious or chemical stimuli, and assesses their effect on p38 and ERK1/2 MAPK pathways.
Materials and methods

Materials and reagents
Bacterial strains and plasmids are described in Table S1 in the supplemental material. Antibiotics were purchased from Sigma-Aldrich: chloramphenicol (25 μg/mL), kanamycin (50 μg/mL), and ampicillin (200 μg/mL). Antibodies and protease/phosphatase inhibitors are described (see Table S2 in the supplemental material).
IEC culture
T84 cells were grown in low glucose Dulbecco's modified Eagle's medium (DMEM)/Ham's F12 (Gibco) medium with 15 mM HEPES (US Biological), 10% newborn calf serum (Gibco) and 100 UI/mL penicillin and 100 μg/mL streptomycin (pen/strep). Caco-2 cells were grown in low glucose DMEM, 19.4 mM D-dextrose (Fisher), 20.8 mM HEPES, and pen/strep. Cells were grown at 37°C in 5% CO 2 , used 7-10 days post plating, and media replaced with bacterial growth medium 24 h prior to infection. Immunofluorescence methods are as described in supplemental material.
Bacterial growth and infection of host cells
Bacterial cultures, grown overnight in Luria-Bertani (LB) broth with appropriate antibiotics, were diluted (1:33) in serum-free and antibiotic-free DMEM/Ham's F12/(1:1) supplemented with 14 mM NaHCO 3 (Fisher), 10 mM HEPES (pH 7.4), and 0.5% mannose (Fisher), and grown at 37°C to mid-log growth phase. For complemented strains, media was supplemented with 25 μM IPTG. Bacterial cultures were centrifuged, resuspended in media, and added to 24-well plates with glass coverslips, Transwell permeable supports (Costar #3740), or six-well plates at a multiplicity of infection of 100. Infected monolayers were incubated at 37°C in 5% CO 2 for indicated times.
Preparation of protein extracts and immunoblot analysis
Infected monolayers were washed with phosphate-buffered saline (PBS), resuspended in lysis buffer (65.8 mM TrisHCl, 2.1% sodium dodecyl sulfate (SDS), 5% glycerol plus protease/phosphatase inhibitors), passed through a 25-gauge needle, and quantified. Eighty micrograms of total protein was resolved on SDS-polyacrylamide gel electrophoresis and immunoblot analysis was as described in supplemental material.
Murine infection and DSS treatment
Eight to 10-week-old male C57BL/6J mice were used (Jackson Laboratory Bar Harbor, ME, USA) and housed in a specific pathogen-free facility at the University of Illinois at Chicago (UIC) or Hines VA for 7-14 days with free access to food and water. Mice were infected with bacteria by oral gavage as previously described [29] . Briefly, mice were pretreated with 5 g/mL streptomycin sulfate (Gibco) in drinking water for 24 h, which was replaced with sterile water 24 h prior to infection. Pelleted bacterial concentration was adjusted to~2 × 10 9 cfu/200 μl in PBS. For complementation, 25 mM IPTG (Gold Biotechnology) was added to the drinking water in all groups of mice 18-24 h prior to infection and maintained throughout the course of experiment. Mice were treated with 3% colitis grade DSS (MP Biomedicals, LLC) in drinking water for 6 days either before or after EPEC infection [20] . All animal protocols were approved by UIC and Hines VA's Animal Care and Use Committee.
Histological analysis and tissue immunofluorescence
Mouse intestines were processed as "Swiss rolls" and fixed in 10% phosphate-buffered formalin (24 h). Five micrometer sections of fixed paraffin-embedded tissues were stained with hematoxylin and eosin (H&E). For immunofluorescence studies, paraffin-embedded tissues were deparaffinized in xylene, rehydrated with ethanol and H 2 O washes, and antigen retrieval performed in Tris-EDTA plus Tween 20 buffer (pH 9). Tissue sections were blocked and incubated with primary and secondary antibodies in 5% normal goat serum in PBS/0.1% Tween 20/0.1% saponin. Images were taken with a Leica DM 4000B confocal microscope (MetaMorph software) and processed using Adobe Photoshop and ImageJ software. For quantification, 5-10 images from at least three mice were assessed for relative intensity per area of IF staining in epithelial cells using Adobe Photoshop.
Statistical analysis
All data are reported as mean ± SEM. For densitometry of immunoblots, data comparisons were made using nonparametric two-way ANOVA with Tukey post-tests. All other data comparisons were made using non-parametric one-way ANOVA and Tukey post-tests. Differences were considered significant when the p-value was ≤0.05. Data were graphed using GraphPad Prism software version 7 (La Jolla, CA).
Results
NleH1 suppresses MAPK pathways in vitro
Although EPEC activates both ERK1/2 and p38 at early time points post-infection, it suppresses these pathways as infection progresses [30] [31] [32] [33] . Initial experiments were performed to determine if NleH1 or NleH2 plays a role in suppression of MAPK pathways following EPEC infection. T84 and Caco-2 IEC monolayers were infected with wildtype (wt) EPEC or wt EPEC overexpressing NleH1 (WT +H1) or NleH2 (WT+H2) and the levels of activation, measured as phosphorylated-ERK1/2 (p-ERK1/2) and phosphorylated-p38 (p-p38), were examined at the indicated time points by immunofluorescence and immunoblot analysis ( NleH1 suppresses the NF-κB pathway via its kinase domain at lysine 159 [21, 22] . In order to determine if K159 is required for suppression of ERK1/2 or p38 activation, T84 and Caco-2 IEC monolayers were infected with wt EPEC, EPEC with both nleH1 and nleH2 deleted (ΔH1/ H2), or ΔH1/H2 expressing NleH1 (Δ+H1), NleH1 mutated at K159 (Δ+H1-K159A) or NleH2 (Δ+H2), and p-ERK1/2 and p-p38 were assessed by immunofluorescence microscopy and immunoblot analysis. NleH1, but not NleH2, expressed in the double-mutant strain suppressed both p-ERK1/2 and p-p38 (Figs. 2a-d) . In contrast to its effects on the NF-κB pathway, the suppressive activity of the NleH1-K159A mutant on ERK1/2 and p38 (Figs. 2a-d) was as effective as that of wt NleH1, indicating that this site is not required for MAPK blockade. The levels of NleH1, NleH-K159A, and NleH2 protein expression are similar in both bacterial lysates and secreted supernatants (Supplementary Figure 1a -b).
To confirm the suppressive effects of NleH1 on MAPK pathways in cells grown on permeable supports, T84 monolayers were plated on Transwells and infected with various EPEC strains and processed for immunofluorescence microscopy. Overexpression of NleH1, in both the wt and double-mutant backgrounds, and expression of NleH1-K159A displayed similar levels of p-ERK1/2 in cells grown on impermeable as compared to permeable supports (Figs. 1a, 2a, and Supplementary Figure 2) . Similarly, NleH2 failed to reduce p-ERK1/2 in T84 monolayers grown on permeable supports (Supplementary Figure 2) .
Established EPEC infection attenuates DSS-induced murine colitis and increases survival
In view of the suppressive effects of NleH1 on MAPK pathways, the possibility that EPEC infection could ameliorate chemically induced colitis was explored. The effect of EPEC infection on DSS-induced colitis in mice was determined. EPEC reaches peak colonization at 3 days postinfection [20, 34] . Therefore, mice were infected with wt EPEC, WT+H1, or ΔH1/H2 for 3 days prior to administration of 3% DSS in drinking water for 6 days. Body weight, colon length, and histology were assessed at day 9 (Fig. 3a) . As expected, DSS caused a significant decrease in body weight compared to controls (Fig. 3b) as well as Fig. 1 NleH1 but not NleH2 dampens activation of ERK1/2 and p38 in cultured intestinal epithelial cells. Cultured human intestinal epithelial cell monolayers were infected with various strains of EPEC for the indicated times (Min). T84 cells were immunostained for p-ERK1/2 (a) and total cell lysates analyzed for p-ERK1/2 in T84 cells and p-p38 in Caco-2 cells by immunoblot analysis (b). p-ERK1/2 and p-p38 levels quantified against acetylated-tubulin (ac-tub) using densitometry (c, d, respectively). Uninfected (UI), EPEC (WT), and WT complemented with inducible plasmid harboring nleH1 and nleH2 (WT +H1 and WT+H2, respectively). Representative blot of n = 7 experiments. Statistical analysis was by two-way ANOVA using Tukey post-hoc tests (*p < 0.05; **p < 0.01; ***p < 0.001; vs. WT of corresponding time point). Scale bars: 15 μm.
colonic shortening (Fig. 3c) . Interestingly, established infection with wt EPEC protected mice from weight loss and colonic shortening (Fig. 3b, c) associated with DSS colitis. Overexpression of NleH1 provided even further protection against weight loss and colonic shortening; these parameters were not significantly different from controls (Fig. 3b, c) . In stark contrast, infection with ΔH1/H2 exacerbated both weight loss and colonic shortening (Fig. 3b,  c) . H&E staining of colonic tissues revealed that infection with wt EPEC reduced inflammation and improved epithelial integrity compared to DSS alone. Infection with wt EPEC overexpressing NleH1 restored colonic tissues to normal (Fig. 3d) . Consistent with exacerbated weight loss and colonic shortening by infection with ΔH1/H2, infection of mice with DSS colitis with the nleH1/nleH2 double mutant exacerbated both inflammation and epithelial destruction (Fig. 3d ). These data demonstrate that EPEC infection attenuates DSS-induced colitis in mice and that NleH1 greatly contributes to the protective effects.
EPEC infection enhances recovery of mice with preexisting DSS-induced colitis
The data presented above demonstrate that pre-established EPEC infection provides protection of mice against DSS colitis. To explore the therapeutic potential of NleH1 Fig. 2 NleH1-K159A mutant dampens activation of ERK1/2 and p38 in cultured intestinal epithelial cells. Cultured human intestinal epithelial cell monolayers were infected with various strains of EPEC for indicated times (Min). T84 cells were immunostained for p-ERK1/2 (a) and total cell lysates analyzed for p-ERK1/2 in T84 cells and p-p38 in Caco-2 cells by immunoblot analysis (b). p-ERK1/2 and p-p38 levels quantified against acetylated-tubulin (ac-tub) using densitometry (c, d d, respectively). Uninfected (UI), EPEC mutant lacking nleH1/H2 (ΔH1/H2), and ΔH1/H2 complemented with inducible plasmid harboring nleH1, nleH1-K159A, or nleH2 (Δ+H1, Δ+H1-K159A, and Δ +H2, respectively). Representative blot of n = 7 experiments. Statistical analysis was by two-way ANOVA using Tukey post-hoc tests (*p < 0.05; **p < 0.01; ***p < 0.001; vs. ΔH1/2 of corresponding time point). Scale bars: 15 μm.
in vivo, the impact of EPEC and NleH1 on established DSS colitis was determined. In view of the ability of NleH1, but not NleH2, to block ERK1/2 and p38 in vitro, mice were treated with 3% DSS for 6 days, switched to normal drinking water, then infected with wt EPEC, WT+H1, ΔH1/H2, or ΔH1/H2 expressing either NleH1 (Δ+H1) or NleH2 (Δ+H2) (Fig. 4a) . Body weight and survival were assessed over the subsequent 6 days (Fig. 4b, c) ; colonic histology was assessed at the end of the experiment (Fig. 4d) .
All groups of treated mice exhibited the greatest decrease in body weight at 9 days post-DSS treatment (dpt) then began to regain weight, except those infected with ΔH1/H2 or Δ+H2 (Fig. 4b) . DSS-colitis mice infected with ΔH1/ H2 suffered the most severe weight loss (−22.2 ± 0.6%). Interestingly, DSS mice infected with Δ+H2 lost significantly more weight than any strain expressing NleH1 (WT, WT+H1, or Δ+H1) (Fig. 4b) despite colonization levels shown to be similar to ΔH1/H2 expressing NleH1 [20] .
Even more striking were the differences in survival rates (Fig. 4c) . While DSS-treated mice had a survival rate of 38%, this increased significantly in animals infected with wt EPEC (84%) and to control levels in mice infected with WT +H1 (96%). In stark contrast, 100% of DSS-treated mice infected with ΔH1/H2 either died or were sacrificed due to severe weight loss by day 10. Expression of NleH1 in the double-mutant strain increased survival to 84% while expression of NleH2 increased survival to only 60%. H&E staining of colonic tissues from mice treated with DSS alone showed marked inflammation and epithelial destruction as expected. Infection with wt EPEC significantly improved colonic architecture and those infected with WT+H1 were restored to normal (Fig. 4d) . In DSStreated animals infected with ΔH1/H2, colonic architecture was completely replaced by extensive inflammation (Fig. 4d) . Expression of NleH1 in this background reduced inflammation and restored colonic architecture while expression of NleH2 afforded an intermediate phenotype (Fig. 4d ). These data demonstrate that infection with EPEC before or after the onset of DSS-induced colitis reduces the severity of colitis and increases survival. Although homologs, NleH1 provides significantly greater protection than NleH2.
Suppression of the apoptotic pathway in vivo by NleH1 and NleH2
DSS activates many signaling pathways causing severe colitis. Having observed that NleH1 affords greater protection and therapeutic effects against DSS colitis than NleH2, their effects on signaling pathways were investigated. Since mice exhibited the greatest weight loss at 9 days post-DSS treatment (Figs. 4a, b) , this time point was selected for examination via immunofluorescence staining and quantitation in colonic tissues.
NleH1 and NleH2 have been demonstrated to have anti-apoptotic activity in vitro by binding Bax inhibitor-1 Fig. 3 Infection with EPEC protects against DSS-induced colitis. Schematic depicting experimental protocol of animal study as described in materials and methods (a). Mice were infected with: mock infection with PBS (DSS), EPEC (WT), WT complemented with inducible plasmid harboring nleH1 (WT+H1), or EPEC mutant lacking nleH1 and nleH2 (ΔH1/H2) and then given 3% DSS in drinking water. Control mice were not infected or given DSS. Percent change in body weight assessed at 9 days post-infection (dpi) from initial weight (day 0) (b). Colon length (cm) at 9 dpi (c). H&E staining of mouse colonic tissue at 9 dpi; representative image of n = 4-8. Scale bars: 100 μM (d).
(BI-1), thus blocking procaspase-3 cleavage [19] . To determine if NleH1 and NleH2 exhibit differential antiapoptotic activity in vivo, mice with acute colitis were infected with various EPEC strains, depicted in Fig. 4a , and cleaved caspase-3 levels were assessed in colonic tissues. As expected, cleaved caspase-3 was increased in colonic tissues from mice with DSS colitis (Fig. 5a, b) . Infection of these mice with wt EPEC reduced cleaved caspase-3, and WT+H1 further suppressed to control levels. In contrast, infection with ΔH1/H2 increased cleaved caspase-3 to levels associated with DSS treatment alone (Fig. 5a, b) . Expression of NleH1, NleH1-K159A, or NleH2 in the double-mutant background reduced cleaved caspase-3 comparably (Fig. 5a, b) . These in vivo data support previously reported in vitro data demonstrating that NleH1 and NleH2 are equally capable of preventing apoptosis and that suppression is independent of the known kinase/NF-κB blocking domain.
NleH1 and NleH2 differentially suppress MAPK pathways in vivo
Having demonstrated that NleH1 and mutant NleH1-K159A, but not NleH2, suppress both p38 and ERK1/2 pathways in vitro, the effect of these anti-inflammatory Schematic depicting experimental design of recovery studies as described in materials and methods (a). Mice were given 3% DSS in drinking water and then infected with: mock infection with PBS (DSS), EPEC (WT), WT complemented with inducible plasmid harboring nleH1 (WT+H1), EPEC mutant lacking nleH1 and nleH2 (ΔH1/H2), and ΔH1/H2 complemented with inducible plasmid harboring nleH1 or nleH2 (Δ+H1 and Δ+H2, respectively). Control mice were not treated with DSS or infected. Percent change in body weight 6 days post-infection corresponding to 12 days post treatment (dpt) compared to initial weight (day 0) (b). Percent survival from days 6-12dpt (c). H&E staining of mouse colonic tissue at 12dpt; representative image of n = 4-8. Scale bars: 100 μM (d).
EPEC effector homologs were studied in vivo using the DSS colitis/EPEC infection model (Fig. 4a) .
p38 is activated in DSS colitis [8, 9] and as expected mice treated with DSS had significantly increased levels of p-p38 in colonic epithelial cells compared to controls. Infection of these mice with either wt EPEC or WT+H1 blocked p38 activation (Fig. 6a, c) . Interestingly, infection with ΔH1/H2 significantly increased p-p38 beyond the levels seen in response to DSS alone (Fig. 6a, c) . In contrast, expression of NleH1, NleH1-K159A, or NleH2 in the double-mutant background was equally effective in reducing p38 activated by DSS (Fig. 6a, c) . These findings are similar to the in vitro data in that NleH1 suppression of p38 is not dependent on the kinase domain. However, in contrast to in vitro data, NleH2 did attenuate p38 activation in vivo.
ERK1/2 activation occurs in macrophages [10] and the muscularis propria [8] during murine DSS colitis; however, little is known about IEC activation [12] . Here we demonstrate that DSS induces ERK1/2 activation in IECs as shown in Fig. 6b, d . Infection of DSS-colitis mice with wt EPEC or EPEC overexpressing NleH1 reduced p-ERK1/2 to near control levels. Infection with ΔH1/H2 had only a modest impact on ERK1/2 activation while expression of NleH1, but not NleH2, in the double-mutant background restored the suppressive phenotype (Fig. 6b, d ). Interestingly, expression of NleH1-K159A provided an intermediate level of ERK1/2 suppression. These data demonstrate that NleH1, but not NleH2, suppresses ERK1/2 activation in vivo. In contrast to in vitro data, the NleH1 kinase domain may play a role in this phenotype.
Discussion
The hallmark of inflammatory bowel diseases is the marked increase in signaling pathway activation leading to host inflammation. Several studies have reported that bacterial effector proteins alter these signaling pathways and reduce cytokine production [35] . However, this is the first study to compare the ability of two known anti-inflammatory EPEC homologs, NleH1 and NleH2, to suppress key signaling pathways and improve established colitis. NleH1 and NleH2 are 89% similar and 83% homologous at the amino acid level and contain an intrinsic disordered domain in the N'terminus and a C-terminal atypical kinase module [24, 36] . Their closest homolog is the Shigella effector kinase OspG, which suppresses NF-κB activation [25] . However, Fig. 5 EPEC suppresses apoptosis associated with DSS-induced colitis. Mice were treated with DSS then infected with various EPEC strains as described in Fig. 4a plus an additional group infected with ΔH1/H2 complemented with inducible plasmid harboring nleH1-K159A (Δ+H1-K159A). Distal colonic tissues were immunostained (a) and quantitated (b) at 9dpt for cleaved caspase-3. Representative image and analysis of n > 20 high-powered fields from n = 4 mice. Statistical analysis was by ANOVA using Tukey post-hoc tests (*p < 0.05; ***p < 0.001; vs. DSS alone). Scale bars: 25 μm.
OspG only contains the homologous C-terminal kinase domain and an N-terminal secretion signal [23] . Therefore, it is hypothesized that the functional differences between OspG, NleH1, and NleH2 result from sequence variations in their N-terminal domains [36] [37] [38] .
The majority of NleH1 and NleH2 studies have focused on mechanisms of host protein interactions affecting the NF-κB pathway and revealed that NleH1 and NleH2 have different effects in vitro. NleH1 suppresses NF-κB activation following EPEC infection and TNF stimulation, whereas NleH2 was shown to slightly increase NF-κB activity [22] . However, under conditions where IκB kinase is overexpressed in cells, both NleH1 and NleH2 suppress NF-κB activation by inhibiting ubiquitination of phospho-IκBα [20, 22] . In addition, NleH2 has been reported to interact with ubiquitin-fold modifier-conjugating enzyme 1 (UFC1), further supporting a possible role in modulating TNF-induced IκBα degradation [39] . NleH1 binds to and phosphorylates CRKL, an adaptor protein involved in tyrosine kinase signal transduction pathways [40] . The interaction of NleH1 and CRKL is believed to facilitate NleH1 binding to and prevent phosphorylation of RPS3, thus excluding RPS3 and NF-κB from the nucleus. Both NleH1 and NleH2 bind RPS3 through their N-terminal domain; however, despite binding to RPS3, NleH2 does not inhibit NF-κB nuclear translocation [21] . In addition, when NleH1 was mutated to resemble NleH2, NF-κB suppression was ablated [21, 22] . These studies underscore the functional differences of NleH1 and NleH2 despite their nearly identical homology.
The limited in vivo studies of NleH1 and NleH2 have focused on the colonization effects these proteins afford. However, the results vary depending on the host and the attaching and effacing organism (EPEC, EHEC, or Citrobacter rodentium) [19, 20, 22, 41] . Although we previously determined that EPEC lacking NleH1 and NleH2 have decreased colonization and persistence levels compared to wild type, ΔnleH1/H2 still colonizes at a high level (~10 7 ) [20] . In fact, ΔnleH1/H2 induces more inflammation determined by higher serum KC levels, and H&E staining of intestinal tissues showing earlier and increased inflammatory changes compared to animals infected with wild type [20] . These findings indicate that the nleH1/H2 double mutant reaches a sufficient level of colonization to induce an enhanced inflammatory response. An additional study with C. rodentium supports the notion that the primary functions of NleH1 and NleH2 are anti-inflammatory in nature and that these effects may enhance colonization but are not required [41] .
Despite their apparent anti-inflammatory effects, little is known about the impact of NleH1 and NleH2 on inflammation in vivo or the mechanisms involved. In this study, we show that EPEC has anti-inflammatory effects in mice with DSS-induced colitis. When EPEC was introduced either pre-or post-DSS treatment, colitis was attenuated as evidenced by the preservation of colonic length and body weight, restoration of colonic tissue integrity, and most importantly, increased survival. These protective effects are dependent on NleH1 and to a lesser extent NleH2, and led us to compare their potential to decrease intestinal inflammation in vivo and the underlying mechanisms.
In addition to the known effects of NleH1 and NleH2 on the NF-κB pathway, NleH1 and NleH2 bind Bax inhibitor-1 (BI-1) in vitro [19] . NleH1 binding to BI-1 is not dependent on kinase domain activity and functionally blocks caspase-3 activation preventing apoptosis [19] . We determined that both NleH1 and NleH2 reduce cleaved caspase-3 in colonic epithelial cells of mice with DSS-induced colitis. Similar to in vitro data, prevention of apoptosis in vivo is not dependent on NleH1-K159 in the kinase domain, suggesting a mechanism independent of NF-κB suppression. Prevention of apoptosis likely contributes to the intermediate protection of colitis offered by NleH2. However, the enhanced antiinflammatory capacity of NleH1 suggests that it impacts additional signaling pathways.
Recent studies have demonstrated that persistent NF-κB activation alone is not sufficient to cause severe inflammation and damage to intestinal epithelia unless accompanied by MAPK activation, likely due to their coordinated enhancement of key inflammatory cytokines [4, 5] . The DSS-induced colitis mouse model mimics IBD in that NF-κB [13] and MAPK pathways [8, 9] are activated and apoptosis is induced increasing cytokines and chemokines [14, 15, 42] . Increased expression and activation of both p38 and ERK1/2 have been implicated in the pathogenesis of IBD [7] . The cellular regulation, mechanisms, and functional roles of downstream nuclear targets of MAPK signaling in IBD have been reviewed [7, 43] . In addition, both p38 and ERK inhibitors are efficient modulators of inflammation in animal and cell models [4] . Furthermore, pre-clinical and clinical studies have shown beneficial effects of MAPK inhibitors in treatment of IBD [4, 43] . Therefore, we examined the role of EPEC NleH1 and NleH2 in suppressing the MAPK pathways in DSS-induced colitis in mice.
Our data show that NleH1, but not NleH2, suppresses both p38 and ERK1/2 phosphorylation in vitro. However, in vivo both NleH1 and NleH2 suppress DSS-induced activation of p38 and likely have an additive effect indicated by the increase in p-p38 levels in DSS-treated:ΔH1/ H2 infected mice compared to DSS treatment alone. The differing in vitro and in vivo effects on p38 may be due to the different stimuli used to trigger inflammation. Two other EPEC effectors, NleD and NleC, have been shown to cleave and block phosphorylation of p38, respectively, after late stages of in vitro EPEC infection [31, 32] . However, NleH1 and NleH2 likely have the greatest contribution in suppressing p38 after DSS-induced colitis as indicated by the stark increase in p-p38 levels after infection with the nleH1/ H2 double mutant compared to DSS treatment alone. The NleH1 kinase domain is not required for p38 suppression, indicating the involvement of a protein domain unrelated to the NF-κB pathway. A common domain either in the Nterminal disordered region or the C-terminal PDZ-binding motif of NleH1 and NleH2 is likely responsible for p38 suppression. PDZ-domain-containing scaffold proteins regulate multiple biological processes including the organization and targeting of signaling complexes at specific cellular compartments [44] . NHERF1 and NHERF2 are PDZ-domain containing proteins [45] ; NleH1 binds NHERF2 [46] . Interestingly, NHERF proteins have been implicated in linking G-coupled receptors and Na+/H+ exchangers to MAPK signaling pathways [47] . Therefore, it is plausible that the binding of NleH1/H2 to NHERF proteins may affect MAPK activation and the associated downstream signaling consequences.
In contrast to suppression of p38, only NleH1 suppresses ERK1/2 activation in DSS-treated mice. This suppression is partially dependent on the kinase domain. The kinase domain is also required for CRKL phosphorylation, RPS3 binding, and NF-κB suppression [21, 22, 40] . Interestingly, the signaling protein CRKL activates the Rap1-BRaf-MEK-ERK pathway [48, 49] and NleH1 interaction with CRKL may disrupt this signaling cascade. In addition, CRKL binds IκB kinase-β (IKKβ) and is thought to localize NleH1 to the IKKβ complex enabling NF-κB suppression [40] . However, IKKβ activation also causes ERK1/2 phosphorylation [4] ; thus, the NleH1-CRKL-IKKβ complex may also play a role in suppression of ERK1/2. In addition to the kinase domain, there is likely a unique NleH1 domain that differs from NleH2 contributing to ERK1/2 suppression. Both NleH1 and NleH2 autophosphorylate homologous serine and threonine residues predominantly in their N'terminus [36] . Interestingly, NleH1 lacks an NleH2 autophosphorylation site in a region of nonhomology that is not involved in NF-κB attenuation [21] , indicating a potential NleH1 domain that is kinaseindependent. Last, there may be other EPEC mechanisms involved in ERK suppression [33] as the nleH1/H2 double mutant reduced ERK levels below DSS alone; however, the degree of attenuation was modest compared to those afforded by NleH1. Even more significant, infection of mice with DSS colitis with the double mutant significantly enhanced mortality. No other EPEC effectors have been reported to suppress the ERK1/2 signaling pathway.
Based on these data, we conclude that NleH1 attenuates intestinal inflammation by suppressing several key signaling cascades, including p38 and ERK1/2, and by reducing apoptosis, whereas NleH2 only blocks p38 and apoptosis. Our data support that the ability of NleH1 to block ERK1/2 is responsible for its enhanced anti-inflammatory activity over NleH2. Suppression of the ERK1/2 pathway is a novel function of NleH1 and further implicates NleH1 as a multifunctional anti-inflammatory protein. The striking reversal of colitis and increased survivability in mice with DSS colitis warrants further investigation into the mechanisms of action of bacterial anti-inflammatory molecules, such as NleH1. Data generated from such studies may provide novel strategies for treating or controlling intestinal inflammatory disorders.
